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Pressure-dependent transmittance and reflectance spectra of TiOBr and TiOCl single crystals at
room temperature suggest the closure of the Mott-Hubbard gap, i.e., the gap is filled with additional
electronic states extending down to the far-infrared range. According to pressure-dependent x-ray
powder diffraction data the gap closure coincides with a structural phase transition. The transition
in TiOBr occurs at slightly lower pressure (p=14 GPa) compared to TiOCl (p=16 GPa) under
hydrostatic conditions, which is discussed in terms of the chemical pressure effect. The results
of pressure-dependent transmittance measurements on TiOBr at low temperatures reveal similar
effects at 23 K, where the compound is in the spin-Peierls phase at ambient pressure.
PACS numbers:
I. INTRODUCTION
The layered compounds TiOX , where X=Br or Cl,
are low-dimensional systems which show interesting mag-
netic and electronic properties. Regarding the spin de-
gree of freedom, at high temperature the system can be
well described by a one-dimensional spin-1/2 nearest-
neighbor Heisenberg model with a Bonner-Fisher type
magnetic susceptibility.1,2 Below the transition tempera-
ture Tc1, where Tc1=27 K for TiOBr and Tc1=67 K for
TiOCl, TiOX undergoes a first-order phase transition
to a spin-Peierls state with a dimerization of the chains
of Ti atoms along the b axis and a doubling of the unit
cell.1,3,4 Furthermore, an intermediate phase for the tem-
perature range Tc1<T<Tc2 was found (with Tc2=47 K
for TiOBr and Tc2=91 K for TiOCl), whose nature is
now well established as an incommensurately modulated
structure with a one-dimensional modulation in mono-
clinic symmetry.5 Regarding the charge degree of free-
dom, the Ti ions have the electronic configuration 3d1.
The 3d electrons are localized due to strong electronic
correlations, and hence TiOBr and TiOCl are Mott-
Hubbard insulators, with a charge gap of ≈2 eV.6,7,8 It
was predicted that these materials exhibit a resonating
valence bond state and high-temperature superconducti-
vity upon doping.9,10 However, up to now a metallization
of TiOX upon doping could not be achieved.11
Recently it was shown that the optical response of both
compounds changes drastically under pressure: Above a
critical pressure, the transmittance is suppressed and the
reflectance increases in the infrared range. The changes
could be attributed to additional electronic states fill-
ing the Mott-Hubbard gap and they suggest a closure
of the gap at elevated pressures.7,8 Under hydrostatic
conditions the transition pressures are 14 and 16 GPa
for TiOBr and TiOCl, respectively. Concurrent with the
closure of the Mott-Hubbard gap a structural phase tran-
sition is observed.8
This paper is a follow-up of the earlier, short
publication8 and provides details of the changes in the
electronic properties and crystal structure of TiOBr and
TiOCl induced by external pressure. The manuscript is
organized as follows: After describing the experimental
details in Sec. II, we present in Sec. III A the experimental
results obtained at room temperature, which suggest the
closure of the Mott-Hubbard gap under pressure. We also
include low-temperature transmittance spectra of TiOBr
at ambient and high pressure in Sec. III B. Sec. III C
focuses on the pressure-induced changes of the crystal
structures for TiOBr and TiOCl. In Sec. IVA we com-
ment about a possible chemical pressure effect in the sys-
tem TiOX . In Sec. IVB the relation between the closure
of the Mott-Hubbard gap and the structural phase tran-
sition is discussed. Finally, we summarize our results in
Sec. V.
II. EXPERIMENT
Single crystals of TiOX (X=Br,Cl) were synthesized
by chemical vapor transport technique. The TiOX
compounds crystallize in the space group Pmmn at
ambient conditions and consist of distorted TiO4X2
octahedra.12,13 The octahedra are arranged such that
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FIG. 1: Crystal structure of TiOX (X=Br,Cl), viewed along
the a, b, and c crystal axes, consisting of Ti-O bilayers parallel
to the ab-plane and separated by layers of X ions stacked
along the c direction.12 The black lines mark the unit cell.
Also shown is the main building block of the crystal structure,
namely the distorted TiO4X2 octahedron.
buckled Ti-O bilayers parallel to the ab-plane are formed,
which are separated by layers of Br/Cl ions stacked along
the c direction. Fig. 1 shows the crystal structure viewed
along the crystal axes a, b, and c. TiOX crystals grow
in the form of thin platelets with the surface parallel to
the ab-plane. This is convenient for studies of the optical
response of the ab-plane.
In the pressure-dependent studies diamond anvil cells
(DACs) were used for the generation of pressures. The
applied pressures p were determined with the ruby lumi-
nescence method.14 For the transmittance measurements
several pressure transmitting media were used; this leads
to small differences in the observed values of the criti-
cal pressure of phase transition, as expected.7,15 For the
reflectance measurements finely ground CsI powder was
chosen as pressure medium to insure direct contact of the
sample with the diamond window.
Pressure-dependent transmittance and reflectance
experiments were conducted at room temperature us-
ing a Bruker IFS 66v/S FT-IR spectrometer with an
infrared microscope (Bruker IRscope II). For the gen-
eration of pressure we used a Syassen-Holzapfel DAC16
equipped with type IIA diamonds suitable for infrared
measurements. Part of the measurements were carried
out at the infrared beamline of the synchrotron radiation
source ANKA, where the same equipment is installed.
Further information on the pressure-dependent transmit-
tance and reflectance measurements conducted at room
temperature was included in the earlier publication.8
For TiOBr the transmittance measurements under
pressure were also conducted at 23 K for the frequency
range 3100 - 15000 cm−1 (0.38 - 1.9 eV). At 23 K TiOBr
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FIG. 2: Charge gap ∆˜ (see text for definition) of TiOBr
as a function of pressure for E||a (full symbols) and E||b
(open symbols) (pressure medium: CsI). The dashed lines
are guides to the eye. Inset: Absorbance spectrum A(ω) of
TiOBr for the lowest pressure (1.5 GPa), calculated according
to A(ω)=log10[1/T (ω)], together with the linear extrapolation
of the absorption edge (dashed gray line) used to estimate ∆˜.
is in the spin-Peierls phase at ambient pressure. As pres-
sure medium argon was used. The transmittance mea-
surements on the sample in the DAC placed in the optical
cryostat (CryoVac KONTI cryostat) were performed us-
ing a home-built infrared microscope with a large working
distance. This infrared microscope can be directly cou-
pled to the FT-IR spectrometer and maintained at the
same pressure (≈ 3 mbar), i.e., no window between the
two devices is needed.
Pressure-dependent x-ray powder diffraction measure-
ments at room temperature were carried out at beamline
ID09A of the European Synchrotron Radiation Facility at
Grenoble. Details about the experiments were described
elsewhere (Ref.8).
III. RESULTS AND ANALYSIS
A. Pressure-dependent transmittance and
reflectance at room temperature
Pressure-dependent transmittance measurements on
TiOBr and TiOCl were carried out for several pres-
sure transmitting media. In Refs.7,8 we already showed
the spectra of TiOBr and TiOCl for argon and CsI as
pressure media, respectively. The transmittance spec-
tra reveal the characteristic excitations in the materials,
namely the electronic transitions between the lower and
upper Hubbard gap, resulting in a strong suppression
of the transmittance above ≈2 eV. Furthermore, absorp-
tions occur due to excitations across the crystal-field split
Ti3d energy levels (called orbital excitations in the fol-
lowing) located for TiOBr (TiOCl) at 0.63 eV (0.66 eV)
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FIG. 3: (Color online) Frequency of the orbital excitations
in TiOBr as a function of pressure: at room temperature
for the polarization (a) E||a and (b) E||b; at 23 K for the
polarization (c) E||a and (d) E||b (pressure medium: argon).
The full symbols denote the results with increasing pressure;
open symbols denote the results upon pressure release. Lines
are guides to the eye.
for E||a and at 1.35 eV (1.53 eV) for E||b at ambient
conditions.
First, one notices that in TiOBr the orbital excita-
tions are slightly redshifted compared to TiOCl. This
can be explained by the chemical pressure effect in the
system TiOX : Based on the g tensors measured by elec-
tron spin resonance20 the crystal field splittings in TiOBr
and TiOCl were obtained. The smaller crystal field split-
ting in TiOBr could be attributed to the larger size of the
Br− ion compared to the Cl− ion, causing a larger vol-
ume of the TiO4X2 octahedra (see Fig. 1) and hence a
weaker crystal field.20
With increasing pressure one observes the following
changes for both compounds along the two studied po-
larization directions: (i) a blueshift of the orbital excita-
tions; (ii) the absorption edge due to excitations across
the charge gap shifts to smaller energies with increasing
pressure, and above 11 GPa (12 GPa) the overall trans-
mittance is strongly suppressed in TiOBr (TiOCl). These
results were obtained with CsI as pressure medium; when
a more hydrostatic pressure medium is used (see Table I
and the results in Ref. 8), the suppression of the transmit-
tance occurs at somewhat higher pressure (∆p≈4 GPa).
We estimated the charge gap, ∆˜, by a linear extrapo-
lation of the steep absorption edge. This is illustrated in
the inset of Fig. 2, where we show the absorbance spec-
trum A(ω) of TiOBr for the lowest pressure (1.5 GPa),
calculated from the transmittance T (ω) according to
A(ω)=log10[1/T (ω)], together with the linear extrapo-
lation of the absorption edge. The intersection of the
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FIG. 4: (Color online) Far-infrared reflectance Rs−d of TiOBr
and TiOCl at room temperature as a function of pressure, for
the polarization E||a [(a) and (c), resp.] and E||b [(b) and
(d), resp.] (pressure medium: CsI).
linear extrapolation with the horizontal axis was taken
as an estimate of the charge gap. Starting from the low-
est applied pressure, ∆˜ initially slightly decreases with
increasing pressure, and above ≈10 GPa it rapidly drops
to zero (Fig. 2). Similar observations were made ear-
lier for TiOCl,7 with the onset of rapid decrease of ∆˜ at
p≈12 GPa.
The pressure dependence of the frequencies of the or-
bital excitations in TiOBr were obtained by fitting the
absorption features in the transmittance spectra with
Gaussian functions. The results are depicted in Fig. 3.
With increasing pressure the orbital excitations shift to
higher frequencies in a linear fashion. This shift could
be attributed to a monotonically increasing strength of
the crystal field related to the decreasing volume of the
TiO4Br2 octahedra. External pressure could also in-
duce a change in the octahedral distortion and related
alterations of the crystal field. One furthermore notices
a small difference in the frequency of the orbital exci-
tations for pressure increase and decrease observed in
the direction E||b [Fig. 3(b)], which suggests that the
pressure-induced octahedral volume decrease and/or oc-
tahedral distortion are not completely reversible. This
non-reversibility is more obvious at low temperatures and
will be discussed in Sec. III B.
Additional information about the pressure-induced
changes in the optical response were obtained by re-
flectance measurements on TiOBr and TiOCl at high
pressures. The most drastic changes occur in the far-
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FIG. 5: (Color online) Real part of the optical conductivity
of TiOBr as a function of pressure for the polarization (a)
E||a and (b) E||b obtained by Drude-Lorentz fitting of the
pressure-dependent reflectance data Rs−d. Inset: Total effec-
tive carrier density, neff , and spectral weight calculated by
integrating the real part of the optical conductivity (see text)
up to ω0=8000 cm
−1 for E||a (filled circles) and E||b (open
circles). Lines are guides to the eye.
infrared range, as illustrated for both compounds in
Figs. 4 (a) and (b) (for pressure-dependent reflectance
spectra over a broader frequency range, see Refs.7,8). In
case of TiOBr, the shape of the spectrum changes dras-
tically for E||b: At 10 GPa the spectrum consists of a
peak-like feature between 300 and 450 cm−1, whereas
for pressures ≥11 GPa it is almost flat with a peak at
around 520 cm−1. The pressure-induced changes in the
far-infrared reflectance spectra Rs−d of TiOCl are very
similar to those of TiOBr [see Figs. 4 (c) and (d)]. How-
ever, for TiOCl the changes occur at somewhat higher
pressure, as discussed in Sec. IVA. For higher frequen-
cies the overall reflectance increases for both compounds
and saturates.7,8
The suppression of the transmittance in TiOX at
high pressures suggests the occurrence of new excita-
tions in the infrared frequency range. More information
about these additional excitations were obtained by fit-
ting the high-pressure (p>10 GPa) reflectance spectra
Rs−d with the Drude-Lorentz model combined with the
normal-incidence Fresnel equation, taking into account
the diamond-sample interface:
Rs−d =
∣∣∣∣ndia −
√
ǫs
ndia +
√
ǫs
∣∣∣∣
2
, ǫs = ǫ∞ +
iσ
ǫ0ω
, (1)
where ǫs is the complex dielectric function of the sam-
ple and ǫ∞ is the background dielectric constant (here
ǫ∞≈3). From the function ǫs(ω) the real part of the
optical conductivity, σ1(ω), can be calculated. Notice
that only reflectance data above 10 GPa can be analyzed
quantitatively because of the partial transparency of the
sample below this critical pressure.
The evolution of the optical conductivity of TiOBr
with pressure is shown in Fig. 5. We find additional ex-
citations in the infrared range, extending down to the
far-infrared. These additional excitations include broad
excitations, which cannot be attributed to phonon exci-
tations, in contrast to the optical conductivity spectrum
in the insulating phase.21 Thus, the Mott-Hubbard gap
is gradually filled with additional electronic states down
to at least 200 cm−1 (24 meV). This finding suggests the
closure of the Mott-Hubbard gap above p=10 GPa.
With increasing pressure the spectral weight of the
pressure-induced features increases, with a saturation
setting in at around 13 GPa. From the spectral weight
analysis one can extract the effective density of carriers,
neff , involved in the excitations up to ω0 according to
neff (ω0) = (2m0/πe
2)
∫ ω0
0
σ1(ω)dω , (2)
with the free electron mass, m0. In the inset of Fig. 5(b)
neff (ω0=8000 cm
−1) is plotted as a function of pressure
p. neff (p) illustrates the saturation of the spectral fea-
tures at high pressures.
Also for TiOCl the spectral weight of the pressure-
induced excitations increases with increasing pressure
and saturates, as presented in the earlier publication.7
The saturation, however, happens at somewhat higher
pressure (≈15 GPa) compared to TiOBr. In fact, all
the pressure-induced effects occur in TiOCl at slightly
higher pressures (∆p≈2 GPa) compared to TiOBr. This
pressure difference will be discussed in more detail in
Sec. IVA.
B. Pressure-dependent transmittance of TiOBr at
low temperatures
We have furthermore checked the stability of the insu-
lating spin-Peierls phase of TiOBr by pressure-dependent
transmittance measurements at low temperatures in
the near-infrared frequency range (3100 - 15000 cm−1).
As mentioned in the introduction, TiOBr undergoes
two phase transitions as a function of temperature:
Upon temperature increase, a first order transition takes
place at Tc1=27 K from the spin-Peierls ground state
into an intermediate phase with an incommensurate
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FIG. 6: (Color online) Transmittance T (ω)=Is(ω)/Ir(ω) (see
text for definitions) of TiOBr as a function of temperature for
the lowest pressure (0.8 GPa), for the polarization (a) E||a
and (b) E||b (pressure medium: argon). Insets: Frequency
of orbital excitations as a function of temperature. Lines are
guides to the eye.
superstructure.5 An additional, second-order phase tran-
sition is found at Tc2=47 K, where the material changes
from the intermediate phase to the one-dimensional an-
tiferromagnetic phase at high temperature.
Starting from room temperature and low-pressure
(0.8 GPa) conditions, transmittance measurements on
TiOBr were carried out upon temperature decrease.
Fig. 6 shows the temperature-dependent transmittance
spectra for the polarizations E||a and E||b. The oscil-
lations in the spectra are Fabry-Perot resonances due
to multiple reflections within the thin sample platelet.
With decreasing temperature one notices a small but
significant shift of the orbital excitations to higher fre-
quencies, as illustrated in the insets of Fig. 6. The most
pronounced changes occur between 295 and 200 K and
can be attributed to the thermal contraction of the lat-
tice while cooling down, leading to a smaller volume of
the TiO4Br2 octahedra and thus to a stronger crystal
field.20 Below 100 K the orbital excitations hardly shift
with temperature, which suggests that the structural
changes occuring at the phase transitions at Tc1=27 K
and Tc2=47 K have only a small effect on the TiO4Br2
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FIG. 7: (Color online) Transmittance T (ω)=Is(ω)/Ir(ω) (see
text for definitions) of TiOBr as a function of pressure at 23 K,
for the polarization (a) E||a and (b) E||b (pressure medium:
argon).
octahedra and hence on the crystal field. This in agree-
ment with an earlier work showing that the orbital de-
gree of freedom is irrelevant for the low-energy physics,
in particular the exotic spin-Peierls behavior with two
successive phase transitions.6
At 23 K, where the sample is in the spin-Peierls
state for ambient pressure, transmittance spectra were
recorded for several pressures (see Fig. 7). Similar to
the room-temperature results, the transmittance is sup-
pressed over the whole studied frequency range above a
certain pressure; however, at 23 K the suppression occurs
only above ≈16 GPa, compared to the room-temperature
transition pressure of 14 GPa.
We also followed the pressure-induced shifts of the or-
bital excitations at 23 K [Figs. 3 (c) and (d)]. With
increasing pressure the frequencies of the orbital exci-
tations increase linearly with increasing pressure. Like
for the room-temperature results, we relate this shift
to a pressure-induced decrease of the octahedral volume
and a possible change in octahedral distortion, causing
a change in the crystal field (see Sec. III A). At room-
temperature we noticed a small difference in the frequen-
cies of the orbital excitations for pressure increase and
decrease. This difference is much more pronounced at
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FIG. 8: (Color online) Lattice parameters of TiOBr at room
temperature as a function of pressure (pressure medium: he-
lium). (a)-(c) Lattice parameters a, b, c. (d) Lattice parame-
ters a, b, c normalized to their respective zero-pressure values.
Lines are guides to the eye.
23 K. For example, for E||a already at around 4 GPa
during pressure release the ambient-pressure excitation
energy of ≈5370 cm−1, and thus the ambient-pressure
crystal field strength, has been reached [see Fig. 3(c)].
C. Pressure-induced structural phase transition at
room temperature
For the understanding of the drastic changes in the op-
tical response under pressure, we carried out x-ray pow-
der diffraction measurements on TiOBr and TiOCl at
room temperature as a function of pressure. A typical
diffraction pattern (not shown) does not consist of con-
centric rings as expected for powder diffraction data, but
it contains separate spots. This is due to the fact that
it was not possible to produce good TiOX powders with
homogenous grain size distributions and random orien-
tations because of the platelet-like habits and the soft-
nesses of the crystallites. Instead, the crystallites inside
the DAC orient their c crystal axis preferentially per-
pendicular to the diamond anvil surface, i.e., along the
direction of incidence of the x-radiation. Therefore, Ri-
etveld refinements of the diffraction patterns could not
be carried out. Nevertheless LeBail fits of the diffraction
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FIG. 9: (Color online) Room-temperature x-ray powder
diffraction diagrams of TiOCl at high pressures (λ= 0.4128 A˚)
together with the LeBail fits (pressure medium: helium). For
the lowest applied pressure (1.8 GPa) the difference curve
(Iobs − Icalc) between the diffraction diagram and the LeBail
fit is shown. Markers show the calculated peak positions for
the ambient-pressure phase. Above 15.5 GPa the diffraction
diagram can no longer be described by the ambient-pressure
crystal symmetry. Arrows indicate the diffraction peaks with
the most obvious discrepancy between the data and the LeBail
fitting curve.
patterns could be accomplished, in order to determine the
unit cell volume and the lattice parameters as a function
of pressure.
The room-temperature diffraction diagrams of TiOBr
can be well fitted with the ambient-pressure crystal struc-
ture (space group Pmmn) at low pressures, as demon-
strated in Ref.8. The lattice parameters of TiOBr as a
function of pressure, as obtained from the LeBail fitting,
are presented in Fig. 8. The changes of the lattice pa-
rameters a and b with pressure are linear over a large
pressure range. The behavior of the lattice parameters
c rather follows a sublinear fashion. In Fig. 8 we also
show the lattice parameters a, b, c normalized to their
respective zero-pressure values as a function of pressure
[Fig. 8 (d)]. According to these results, TiOBr has a very
anisotropic compressibility, with the largest compressibil-
ity along the c axis, i.e., the stacking axis of the buckled
Ti-O bilayers.
At around 14 GPa the diffraction diagram of TiOBr
undergoes pronounced changes and is no longer com-
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FIG. 10: (Color online) Lattice parameters of TiOCl at room
temperature as a function of pressure (pressure medium: he-
lium). (a)-(c) Lattice parameters a, b, c. (d) Lattice parame-
ters a, b, c normalized to their respective zero-pressure values.
Lines are guides to the eye.
patible with the ambient-pressure crystal structure
symmetry.8 We can therefore conclude that TiOBr un-
dergoes a structural phase transition at 14 GPa.
We also include the corresponding results from the
pressure-dependent x-ray powder diffraction on TiOCl,
namely the room-temperature diffraction diagrams for
selected pressures together with the LeBail fits (Fig. 9)
as well as the lattice parameters as a function of pres-
sure extracted by the LeBail fits (Fig. 10). The sublinear
dependence on pressure is obvious for all three lattice pa-
rameters. Pronounced changes of the diffraction diagram
occur at 15.5 GPa indicating a pressure-induced struc-
tural phase transition in TiOCl, similar like in TiOBr.
For both compounds the pressure-induced changes are re-
versible in terms of the positions of the diffraction peaks.
From the lattice parameters the pressure dependence
of the unit cell volume V for both compounds was ob-
tained. In Fig. 11 we plot V (p) together with a fit ac-
cording to the Murnaghan equation22
V (p) = V0[(B
′/B0)p+ 1]
−1/B′ (3)
with the bulk modulus B0 = −dp/dlnV and its deriva-
tive B′ at zero pressure. The ambient-pressure unit cell
volume V0 was kept fixed at the experimental value of
112.4(5) A˚3 [102.7(6) A˚3] for TiOBr (TiOCl).19 The bulk
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FIG. 11: (Color online) Unit cell volume V of TiOCl and
TiOBr as a function of pressure P . The full, red (gray) lines
are fits according to Eq. (3).
moduli B0 evaluated according to the Murnaghan equa-
tion are 33.7± 0.8 GPa and 31.0± 0.9 GPa for TiOBr
and TiOCl, and the derivatives B′ are 6.9± 0.3 and 6.7±
0.3, respectively. The bulk modulus of TiOBr is slightly
larger than that of TiOCl, i.e., TiOBr is slightly less com-
pressible than TiOCl. Furthermore, one notices that the
pressure derivative B′ of both compounds is significantly
larger compared to the value B′≈4 typically found for
three-dimensional solids with isotropic elastic properties.
The enhanced value of B′ thus suggests anisotropic com-
pression properties of TiOX . It is interesting to note
that the bulk modulus B0 and its derivative B
′ of TiOX
are close to the corresponding values found for graphite
(B0=33.8 GPa, B
′=8.9).23
IV. DISCUSSION
A. Comparison of transition pressures: TiOBr and
TiOCl
In Table I we compare the transition pressures of
TiOBr and TiOCl at room temperature obtained by
different experimental techniques (transmittance, re-
flectance, x-ray powder diffraction) and for different pres-
sure media. First, comparing the corresponding results
for the two compounds, one notices a pressure difference
of ≈2 GPa. This suggests the existence of some sort of
chemical pressure effect in TiOX .
A starting point for the understanding of this find-
ing could be a comparison of the ambient-pressure lat-
tice parameters. The lattice parameters b and c of
TiOBr (a=3.785 A˚, b=3.485 A˚, c=8.525 A˚) are signifi-
cantly larger than those of TiOCl (a=3.789 A˚, b=3.365 A˚,
c=8.060 A˚).2,19 The difference is most pronounced for the
c axis; here, the larger value in TiOBr can be attributed
to the larger size of the Br− ions, which form layers sep-
arating the buckled Ti-O bilayers. Naively, one would
then expect a higher pressure to induce the transition in
8TABLE I: Comparison of transition pressures of TiOCl and TiOBr at room temperature obtained from transmittance, re-
flectance, and x-ray powder diffraction measurements for different pressure transmitting media.
material transmittance transmittance transmittance reflectance x-ray diffraction
(CsI) (argon) (alcohol mixture) (CsI) (helium)
TiOCl 12 GPa 16 GPa ≈16 GPa 12 GPa 15.5 GPa
TiOBr 10-11 GPa 14 GPa (295 K) not measured 10-11 GPa 14 GPa
16 GPa (23 K)
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FIG. 12: Pressure-dependent ratio of the lattice parameters
a and b for the TiOBr and TiOCl at room temperature. The
ratio a/b as a function of pressure follows a linear behavior.
TiOBr compared to TiOCl, which is in contradiction to
our findings. Thus, not the distance between the Ti-O bi-
layers but the pressure-induced crystal structure changes
within the bilayers seem to be the crucial parameter for
inducing the closure of the Mott-Hubbard gap in TiOX .
This furthermore suggests that the high-pressure phase
has a dimensionality of less than three, being mainly con-
fined to the buckled Ti-O bilayers.
A two-dimensional character of the high-pressure
phase could indeed explain the difference in the critical
pressures for TiOBr and TiOCl: At ambient conditions
the one-dimensional character of TiOBr is weaker than in
TiOCl, since the lattice parameter ratio (a/b) in TiOBr
(a/b=1.086) is smaller than in TiOCl (a/b=1.126).19
This is consistent with magnetic susceptibility measure-
ments showing a larger deviation from the Bonner-Fisher
type behavior above the spin-Peierls transition for TiOBr
compared to TiOCl.20 The more two-dimensional char-
acter of TiOBr was also demonstrated by recent photoe-
mission experiments and supported by density-functional
calculations.24 Hence, in the case of TiOBr less pressure
would be needed to drive the system into a (prospective)
two-dimensional, high-pressure phase.
Our pressure-dependent crystal structure data can pro-
vide a test of this picture (two-dimensional character of
the high-pressure phase): In Fig. 12 we plot the ratio
a/b for both studied compounds as a function of pres-
sure. This ratio should decrease towards the value 1
under pressure in the case of a two-dimensional high-
pressure phase. Instead, the ratio a/b increases with in-
creasing pressure for both compounds: TiOBr and Ti-
OCl become more one-dimensional under pressure. Ob-
viously, a different criterium regarding the changes of the
crystal structure with applied pressure has to be used, in
order to explain the difference of ≈2 GPa for the crit-
ical pressures of TiOBr and TiOCl. At this point we
can only speculate about possible criteria for the Mott-
Hubbard gap closure – like a critical Ti-Ti distance along
b or a direction – since information about the shifts of the
atomic coordinates under pressure is not available.
B. Mott-Hubbard gap closure and structural phase
transition
Under hydrostatic conditions, i.e., for argon as pres-
sure medium, the closure of the Mott-Hubbard gap in
TiOBr (TiOCl) occurs at 14 GPa (16 GPa) (Table I).
Under less hydrostatic conditions, i.e., using CsI as pres-
sure medium, the gap closure happens at somewhat lower
pressure (∆P≈4 GPa). This offset in the transition
pressure for different types of pressure media has been
reported earlier for TiOCl and LaTiO3.41.
7,15 The im-
portant finding is that under similar hydrostatic condi-
tions the closure of the Mott-Hubbard gap in TiOX coin-
cides with a structural phase transition, as demonstrated
by our pressure-dependent x-ray powder diffraction data
(Table I). Therefore, the gap closure in TiOX is not of
purely electronical origin, but the lattice degree of free-
dom has to be taken into account too.
In this regard it is interesting to compare the results for
TiOBr and TiOCl with typical examples of bandwidth-
controlled Mott transitions under external pressure,
which are discussed in literature. One finds the general
observation that the Mott transition coincides with vol-
ume discontinuities or even changes of the crystal sym-
metry. This applies, for example, to the canonical Mott-
Hubbard systems VO2 (Ref.25) and vanadium sesquiox-
ide doped with chromium, (V0.95Cr0.04)2O3,
26,27,28 and
also to MnO,29 YNiO3,
30 Fe2O3,
31 or FeI2.
32 It was even
suggested that as a rule the Mott transition coincides
with a structural phase transition and volume collapse.32
Our finding of a pressure-induced structural phase tran-
sition in TiOBr and TiOCl at the same pressure where
the Mott-Hubbard gap closes, is in agreement with such
9an interpretation of the Mott-Hubbard transition.
The importance of electronic correlations for the un-
derlying mechanism of the observed gap closure in TiOX
is suggested by the effective mass of the charge carri-
ers, as estimated from the spectral weight analysis. As
demonstrated in Sec. III A, for both TiOBr and TiOCl
the spectral weight becomes pressure-independent above
a certain pressure [see inset of Fig. 5 and Fig. 4(b)
in Ref.7]. From the high-pressure value of the spectral
weight one can estimate an effective density of charge
carriers according to Eq. (2),33 averaged over the two
studied crystal directions, to neff=(0.6± 0.2)·1021cm−3
for TiOBr and neff=(1.3± 0.2)·1021cm−3 for TiOCl for
the same frequency range.7 Based on these values the ef-
fective number of charge carriers per Ti atom, Neff , can
in principle be calculated, if the unit cell volume and the
number of formula units per unit cell are known. For
an estimate of Neff we assumed a high-pressure volume
of 93 A˚3 (82 A˚3) and a number of formula units per
unit cell of Z=2 (Z=2) for TiOBr (TiOCl). Hereby, we
neglected the change of the crystal symmetry and a pos-
sible collapse of the unit cell volume at the insulator-to-
metal transition; the latter effect usually ranges between
1 and 10 %.26,29,31,32 Under these assumptions we ob-
tainedNeff=0.03±0.01 for TiOBr andNeff=0.05±0.01
in the case of TiOCl. I. e., Neff is much lower than the
expected value of 1.
One possible explanation for the reduced value of Neff
could be that the charge carriers only partly contribute
to the excitations in the specified frequency range. In
addition, the reduction might be related to an enhanced
effective mass of the charge carriers, typically found in
materials with strong electronic correlations. The mass
enhancement in TiOX might get stronger when the sys-
tem approaches the Mott insulating state, as suggested
by the suppressed carrier density with decreasing pres-
sure [see inset of Fig. 5 and Fig. 4(b) in Ref.7]. A mass
enhancement in the vicinity of a transition to a Mott
insulator was theoretically predicted34 and observed in
some cases.35,36
In order to understand the main mechanism driv-
ing the observed closure of the Mott-Hubbard gap, the
crystal structure of the high-pressure phase might be
an important piece of information. However, up to
now we could not resolve the symmetry of the crys-
tal structure at high pressures. In this regard, density-
functional calculations37 might provide predictions which
could then be tested on our x-ray diffraction data.
Finally, we would like to comment on the possibility
of the metallic character of the high-pressure phase in
TiOX . Based on our data we cannot prove the exis-
tence of a Drude term in the optical response related to
coherent quasiparticles at high pressures.38 It was, how-
ever, demonstrated theoretically and experimentally in
various cases, that above a certain temperature the ab-
sence of a Drude term in a correlated system located
on the metallic side of the Mott transition is to be ex-
pected: A lot of theoretical work has been devoted to the
transport properties of systems close to the first-order
Mott transition at low temperatures and in the crossover
regime at elevated temperatures. Optical conductivity
spectra for different interaction strengths and different
temperatures were obtained in a dynamical mean-field
theory (DMFT) treatment of the Hubbard model.39 It
was shown that only below a certain temperature Tcoh a
quasiparticle peak involving coherent excitations appears
at the Fermi energy and the Fermi liquid description ap-
plies. As a result, only at low temperatures (T<Tcoh) a
Drude term should be present in the optical conductivity
spectrum. With increasing temperature, the quasiparti-
cle peak is gradually destroyed and disappears above the
temperature Tcoh. Such a behavior was demonstrated
for the two-dimensional organic charge-transfer salts κ-
(BEDT-TTF)2Cu[N(CN)2]BrxCl1−x:
36 Even for a high
Br content, i.e., on the metallic side of the Mott tran-
sition, no Drude-like peak is present down to approx.
50 K. Only below this temperature a Drude-like feature
appears, which can be described with an extended Drude
model, with a frequency-dependent scattering rate and
effective mass.
The optical conductivity spectra of TiOX as a function
of pressure were obtained at room temperature. Accord-
ing to the findings for organic salts mentioned above and
in other cases,39 the seeming absence of a Drude-like con-
tribution in the optical response of TiOX at high pres-
sures could be explained by the elevated measurement
temperature. Still, the metallic state appears to be the
most plausible high-pressure phase for TiOX based on
our experimental results. The shape of the optical con-
ductivity spectra at high pressures is, however, an open
issue. Furthermore, a direct proof of the Drude response
might be obtainable by pressure-dependent reflectance
measurements carried out at low temperatures.
V. CONCLUSIONS
In conclusion, we have studied the pressure-dependent
optical response of TiOBr and TiOCl at room temper-
ature by transmittance and reflectance measurements
in combination with pressure-dependent x-ray powder
diffraction experiments. For both compounds the in-
frared transmittance is suppressed above a critical pres-
sure. The pressure-dependent reflectance and corre-
sponding optical conductivity spectra reveal additional
electronic excitations at high pressures extending down
to the far-infrared range. These findings suggest the clo-
sure of the Mott-Hubbard gap under pressure. For TiOBr
the pressure-induced suppression of the infrared trans-
mittance also occurs at 23 K, where the compounds is in
the spin-Peierls phase at ambient pressure. The orbital
excitations in TiOBr shift linearly to higher frequency
with increasing pressure. The shifts are not completely
reversible upon pressure release, especially at low tem-
peratures.
The pressure-induced changes occur at somewhat lower
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pressure in the case of TiOBr compared to TiOCl.
This difference cannot be attributed to the more two-
dimensional character of TiOBr, since according to the
ratio of the crystal parameters a and b the system be-
comes more one-dimensional under pressure, i.e., the
high-pressure state seems to be rather of one-dimenisonal
than of two-dimensional character.
The closure of the Mott-Hubbard gap coincides with
a structural phase transition. From the results of our
pressure-dependent x-ray powder diffraction measure-
ments on TiOBr and TiOCl we could furthermore extract
the pressure-dependence of the lattice parameters and of
the unit cell volume. The latter can be well described
by the Murnaghan equation. The enhancement of the
effective mass of the charge carriers around the critical
pressure suggests the importance of electronic correla-
tions for the mechanism driving the transition. However,
the lattice degree of freedom seems to play in important
role as well, since the crystal symmetry changes at the
transition pressure.
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